Information about the presence and movement of water is crucial to understanding stone deterioration and rock weathering but hard to obtain. Non-destructive, non-invasive measurements of electromagnetic phenomena can provide proxy data on water contents within porous stone and rock. Commercial geophysical devices, such as radar and microwave moisture sensors, produce raw data or readings in arbitrary units, but can be related to absolute water contents through gravimetric calibration. Calibration procedures typically either equilibrate samples to a set of relative humidities (RH%) using salt solutions or environmental chambers (requiring specialised equipment), or monitor ambient drying which yields less homogenous moisture distributions and takes time. This study proposes and tests a cost-and time-effective 'isolated diffusion' gravimetric calibration procedure in which a set of samples are sealed at specific water contents and equilibrated. The procedure is compared to ambient drying over 120 h for three United Kingdom building stones and evaluated with modelled reflection coefficients and relative permittivities. The calibrations determined from isolated diffusion more closely follow modelled behaviour than those from ambient drying, as the calibrations developed from the latter were affected by uneven distributions of moisture. Calibrations for radar measurements developed from two types of back interfaces (air and metal) were very similar to one another, suggesting that measurements are consistent regardless of the type of back interface used. The isolated diffusion calibration procedure provides a cost-effective and simple method to facilitate comparison between different non-destructive testing methods and enables accurate measurement of water contents in porous geomaterials.
Introduction
Stone is weathered by a range of physical, biological, and chemical processes -most of which are propagated or caused by the presence and movement of moisture. How water will contribute to or cause different deterioration mechanisms depends on its spatial and temporal patterning (Mamillan, 1981) . Stone is very commonly employed in historic buildings and traditional constructions; in the built context, water can be introduced into a building fabric in several ways. Understanding these ingress pathways is fundamental to management and conservation of the historic built environment.
Determining where moisture is and in what quantity is difficult because there are few techniques that directly measure it. The most straightforward is gravimetry, i.e. measuring the mass of water. Using this method in situ requires invasive sampling (typically core drilling) resulting in irreversible changes to the fabric of a building. Invasive sampling or destructive testing constitutes a change in the historic building fabric and have limited spatial and temporal coverage. Even if undertaken for diagnostic purposes, this is restricted by administrative and ethical limitations.
Alternatively, indirect (non-destructive) testing methods can be used. Non-destructive testing (NDT) uses physical properties as proxies for moisture, such as electrical, visual, or thermal measurements. Many technologies have been developed or adapted for this purpose and have been thoroughly reviewed elsewhere (Pinchin, 2008; Camuffo and Bertolin, 2012; Saïd, 2007) . Geophysical techniques such as radar and microwave are useful as the influence of salinity is negligible on the measurements within most of the microwave frequency range (Klein and Swift, 1977) .
The output from a non-destructive measurement can be a physical property (such as electrical resistivity) or some transformation related to it. This transformation can be beneficial when a device is primarily designed for use on a particular type of material, or if the range of the property between dry and saturated states overlaps with potential water contents. In the latter case, the arbitrary scale reduces the risk of mistaking the physical property measured for an inferred water content.
To better understand and compare these indirect measurements, they can be calibrated to gravimetric measurements of laboratory samples. This creates a relationship between the physical property (or arbitrary scale) and the water content on a mass or volume basis. Calibrations can also be compared to models. Many standards are concerned with measuring moisture contents of traditional building materials (BSI, 2017 . BS EN 16682, 2017 ISO, 2003; ASTM International, 2016) . However, these are designed to quantify water contents in obtained samples through gravimetry, and do not contain procedures for calibrating non-destructive techniques.
Gravimetric calibrations of non-destructive moisture measurement devices use the mass of water as an accepted standard of the absolute measurement of the quantity of water present in a sample. This is important for cases in which moisture thresholds are of interest. In other scenarios, it might be more important to characterise general behaviours or 'curve shapes', as demonstrated elsewhere (Eklund et al., 2013) . A subset of these are conceptually represented in Fig. 1 . These allow an operator to understand how the device readings relate to water contents more broadly for a given material, without necessarily converting to quantitative water content. Fig. 1 demonstrates several conceptual shapes for calibration curves that might develop for commercial geophysical devices. In Fig. 1 , the scenario presented in (a) the device is equally sensitive to the entire range of water contents of interest; (b) represents the scenario in which there is a different levels of sensitivity to changes in water content across the range of interest; (c) illustrates the potential challenge of measurement thresholds; the nature of the relationship is uncertain, as it might be closer to those in (a) or (b), or a combination thereof; (d) demonstrates a case of an inconsistent relationship with water contents. These inconsistencies can arise from several factors, including operator error, limitations of the technique and/or device, and material properties. These relationships are important to characterise to accurately interpret device output in the context of moisture contents.
Standards that do contain procedures for gravimetric calibration (ASTM International, 2013b , ASTM International, 2013a ) are for wooden materials and primarily intended for use with electrical resistance and capacitive techniques. The current state-of-the-art recommends calibration be done by producing a range of relative humidity conditions using salt solutions and climatic chambers (Climent et al., 2018) . These techniques require specialised facilities and equipment that can be costly to implement and operate, while also requiring significant amounts of time to develop calibrations.
Many factors can influence gravimetric calibration results, including material properties, sample size, environmental conditions, frequency of measurement, and the range of water contents. An uneven distribution of moisture within a sample might result in a false relationship with the gravimetry, since gravimetry calculations assume a homogenous distribution. This is of particular concern for calibrations produced from ambient drying.
The benefits of employing multiple NDT techniques are widely acknowledged. Studies in the past have shown that applying multiple techniques will often provide the most information, yielding the best assessments (Martínez-Garrido et al., 2018; Martinho et al., 2014; Di Tullio et al., 2010; Válek et al., 2010) . Combining radar and microwave measurement systems characterises variation in moisture in two spatial scales. Unfortunately, this is complicated not only by the difficulty of interpreting results from a single method but also the harmonisation of the results (Binda et al., 2010) . Robust gravimetric calibration techniques can enable comparison by translating device output into absolute water contents as a common parameter. Thus, the choice of calibration procedure influences the precision and accuracy of multimethod surveys.
The MOIST350B microwave moisture system (hf sensor; Leipzig, DE) has been evaluated in laboratory and in situ with varying results. Blaüer and Rousset decried strongly that the microwave system had "too big [sic] flaws to be used in … cultural heritage conservation" (Bläuer and Rousset, 2009, p. 32) . They investigated how the microwave system monitored water vapour and liquid water uptake in Swiss building stones with little success ). Their testing scenario is limited in two ways: 1) water in the vapour phase introduces small changes in the dielectric properties of air (Birnbaum and Chatterjee, 1952) , and 2) monitoring capillary rise (which is characterised by strongly heterogenous distributions of water in a sample) introduces complex interactions with the aforementioned exponential loss pattern. Evaluations of brick have been more successful: the microwave system has shown good agreement with nuclear moisture density gauge readings but were noisier (Møller and Olsen, 2011) . Gärtner et al. produced very strong gravimetric calibrations from historic brick samples extracted from a German concert hall that were then applied to other parts of the same building (Gärtner et al., 2010) . However, we caution against the presentation of the calibrated sensor values they have employed: they have used the calibrations from four sensor heads to plot water contents at the maximum depths of penetration of each sensor. In reality, the moisture profile would be best represented by regression models of the four overlapping measurements, since they do not measure at a depth, but to a depth. More recently, unitless moisture indices measured on saturated and dry dolostone samples in layered configurations have agreed well with modelled microwave reflection coefficients (Kurik et al., 2017) . In this research, the intermediate values (between dry and saturated states) were not examined. These studies do not use appropriate data collection and evaluation methods to determine this device's accuracy and utility in assessing a range of liquid moisture contents in natural building stones.
Objective
This study proposes a procedure for gravimetric calibration and demonstrates its implementation for radar and microwave measurements on three UK building stones. It is an innovative but straightforward method which to our knowledge has not yet been published using a vapour impermeable barrier to 'isolate' samples at a single water content -allowing equilibrium moisture diffusion throughout the sample. These calibrations are evaluated with models of effective dielectric permittivity and electromagnetic reflection and transmission coefficients to determine their applicability for evaluating and comparing radar and microwave moisture measurement.
Material and methods

Stones
This study investigated gravimetric calibrations for three stone types (Table 1) : Portland limestone (base bed), Locharbriggs sandstone, and Clipsham limestone. These are common building and repair stones in the UK, which are susceptible to a range of weathering mechanisms. The samples were cubic (150 mm ×150 mm ×150 mm), as determined by the field of detection of the deepest microwave moisture sensor.
Portland
Commonly found throughout the world as a building and repair stone. In the UK, it has been used for prominent buildings such as St Paul's Cathedral, London (Inkpen et al., 2012) . It is now quarried in the Isle of Portland off the south coast of England. It is an Upper Jurassic limestone that is dominated by small to medium grain sizes (Leary, 1983; Jaynes and Cooke, 1987) , with a matrix-rich compacted texture (Dubelaar et al., 2003) . The base bed is homogenous with very few oolites or visible bedding planes.
Locharbriggs
A Permian sandstone from Dumfries, Scotland that has been quarried since the 18th century. It is a pink to red medium grained sandstone (Building Research Establishment, 2000) widely used across Scotland and England for traditional masonry styles and contemporary cladding. It is characterised by distinctive aeolian cross lamination and is composed mainly of quartz, with some feldspars and clays and very few small rock fragments (Pandey et al., 2014) .
Clipsham
A Middle Jurassic, very pale cream and buff oolitic limestone from Lincolnshire, England. It is coarse-grained and contains many small patches of a light brown colour (Emery and Dickson, 1989) . The oolites are of a variety of shapes and sizes and there are also shell fragments and very small pebbles. It was probably deposited in a moderately sub-tropical sea, where changes were frequent, making its texture liable to a certain amount of variation. Clipsham has been used extensively as a repair stone for other oolitic limestones in the south of England, but also as a historical building stone such as a 15th century tower at Eton College (Braun and Wilson, 1970) .
Procedure
Two contrasting methods for gravimetric calibrations have been compared for radar and microwave techniques. The first procedure uses a stone sample dried over time in ambient conditions, while the second uses vapour impermeable materials to 'isolate' samples at a single water content -encouraging equilibrium moisture diffusion throughout the sample. These calibrations are evaluated with models of electromagnetic reflection and transmission coefficients and effective dielectric permittivity.
Equipment
Radar
Originally applied in near-surface geophysical investigations, radar has become a powerful imaging and diagnostic technique in civil engineering for building applications (Lai et al., 2017) . This study has used a 1.6 GHz GPR antenna (Malå Geoscience, Malå, Sweden).
To identify water contents, amplitudes and travel times of features can be extracted from individual A-scans (Fig. 2) . The amplitude of the direct wave is contributed to by the surface reflection, i.e. the difference between the relative permittivity between the materials on either side of the surface interface (ϵ r, air and the bulk material ϵ r, b ). The higher the water content, the greater the difference between ϵ r, air and ϵ r, b . This results in a reduced reflection amplitude, i.e. higher transmission.
An electromagnetic signal will travel with a reduced velocity in a sample with higher water contents. This can be represented by the signal travel time between the direct wave t d (the reflection from the surface) and the reflected wave t r (the reflection generated by the interface at the back of the sample), also referred to as the reflector (Galagedara et al., 2003) or 'back-wall reflection' (Lai et al., 2014) . This method of assessing water contents with radar has been called the 'depth to a known reflector' method (Elkarmoty et al., 2018) , is well-represented in literature (ASTM International, 2011 . D6432-11, 2011 Cetrangolo et al., 2017) , and is well illustrated by Lai et al. (2014) ; see their (Fig. 5 ). The travel time of the surface wave t s must also be accounted for in the calculation, which is equal to the ratio of the distance between the source and the receiver d sr (60 mm for the Malå 1.6 GHz antenna; Pérez-Gracia et al. (2009)) and the speed of light c. The corrected travel time t c is represented by t c = t r − t d − t s .
The travel time can be converted into an average velocity v ¼ 2z=t c from the corrected travel time t c and wall thickness z. Capitalising on v ≈ c Â ðϵ r Þ −1=2 , the real component of relative permittivity (often referred to as the dielectric constant) can be expressed as:
Both the amplitude and travel time method can be represented in a number of ways and are influenced by certain procedural details. The reflective wave can often be quite weak. However, because a metal plate has infinite values of dielectric, it can reverse the signal amplitude polarity (Senin and Hamid, 2016) , resulting in a transformed A-scan represented by the grey line in Fig. 2 . If this occurs, selecting the 'primary' peak of the wave can be ambiguous; in Fig. 2 , this could be represented by either the upper a u or lower a l amplitudes. It is advantageous to measure the wave amplitude with the peak-to-peak summed Table 1 Hygric and physical properties of the three stone types investigated in this study. amplitude, i.e. with a p = a u + a l the absolute difference between the positive and negative peaks within the wave. For calculating travel times, there is no consensus on where 'time zero' is within the direct wave (Yelf, 2004) . Any number of parameters may be used, including (see Fig. 2 for letter references): the time where the signal starts to raise over a predefined threshold (X), the time of the first extreme value (Y), or the first zero crossing after the first extreme value (approximately Z) (RILEM TC 177-MDT, 2005; Rodríguez-Abad et al., 2016) .
Radar has most frequently been used to identify water contents in concrete using both amplitude and travel time changes (Laurens et al., 2005; Klysz and Balayssac, 2007; Senin and Hamid, 2016) , but has also been effectively employed for geological materials at low frequencies (Olatinsu et al., 2013) and brick specimens (Cetrangolo et al., 2017) . Spectral analysis has been applied to A-scans (usually as a fast Fourier transform) to look at additional peak characteristics to the maxima and minima (Lai et al., 2014; Leucci et al., 2012) .
Microwave moisture system
The MOIST350B (hf sensor; Leipzig, Germany) capitalises on the significant difference between the relative permittivity of water and most geological building materials in the microwave frequency region. The device works by producing an electromagnetic wave and measuring the proportion of energy that is reflected (the 'reflection coefficient') and measured by a receiving unit built into the sensor (Göller, 2006) . A set of sensor heads penetrate to different depths by changing the field using combinations of certain antennae and applicators (Göller, 2001 ), but all operating within a narrow frequency range around 2.45 GHz, the Industrial, Scientific and Medical (ISM) radio band (International Telecomunication Union, 2016) . Microwaves lose energy exponentially as they travel through materials like building stones (BSI, 2017) . Therefore, all of the sensor heads (regardless of penetration depth), are sensitive to moisture near the surface. The three sensors used in this study have their respective penetration depth (Göller, 2012 ):
• R: up to 3 cm • D: up to 10 cm • P: up to 25 cm Each sensor head includes a set of calibrations for typical building materials where the reflection coefficient is transformed into a percent water content. While these are named for broad categories of materials (e.g. 'calcareous sandstone'), they were developed for one particular type of that material. In addition to these calibrations, a unitless moisture index (MI) can be used, which is a set of arbitrary units related more directly to the reflection coefficient. Both material-specific calibrations and the MI values are picked from the set of reflection coefficients generated within a frequency band around 2.45 GHz in a variety of ways specified by the manufacturer.
General protocol
The two gravimetric calibration procedures (ambient drying vs isolated diffusion) differed in how the range of water contents was produced. Similar protocols were followed as part of each procedure. The tests were undertaken under laboratory conditions (18 to 22 o C and 40 to 60% RH). Mass measurements were taken with a balance capable of measuring up to 30 kg with a precision of ± 0.001 kg. The samples were oven-dried at 70 o C for 72 h and weighed to obtain the dry mass. Samples were then immersed in distilled water for 72 h and weighed to obtain the saturated 1 mass. For measurements taken immediately following the removal of samples from immersion, surface water was removed with an absorbent cloth. In general, microwave fields are as wide as they are deep. To investigate the entire field of the P sensor, laboratory specimens would need to be at least 250 mm on each side, resulting in unwieldy samples weighing more than 30 kg each. Cubic samples of 150 mm in each dimension were selected as a compromise; it is presumed that the edge effects are negligible, since the dependence of microwave reflection decays exponentially with distance from the antenna.
Before each measurement, the mass of the sample was recorded to determine the water content. The radar measurements comprised of 81 A-scans for each face, and were recorded for both a back wall interface of air and a 3 mm metal plate. The microwave measurements were taken at the centre of each face, with the sample placed on a large block of granite to minimise interference from edge and backreflection effects. Each value was based on an average of three measurements.
Ambient drying procedure
This method, used as a comparison for the proposed calibration procedure, is a variation of the calibration protocol formalised by Eklund et al. (Eklund et al., 2013) . The samples of stone were removed from immersion and monitored during 120 h of drying in ambient laboratory conditions. Drying was uninhibited for five faces but partially covered A demonstrative A-scan taken on an oven-dry sample of Portland limestone 150 mm×150 mm×150 mm. The potential points for t 0 within the direct wave were identified with a practitioner and expert survey (Yelf, 2004) .
1 In this study we define the saturation mass as a pseudo-saturated, or reduced saturation state, ignoring the effects of air trapping (Gummerson et al., 1980) , see also (Hall and Hoff, 2012, p. 222) for the sixth face as the samples were placed on a metal grid. Measurements were taken on each of the six faces every 24 h.
Isolated diffusion procedure
This new method uses multiple samples of a geomaterial that are each set to a particular water contents including and between ovendry and saturated states. After being removed from immersion, the mass of the samples was periodically monitored. Once they reached the desired average water content, they were sealed in layers of polyethylene with vapour-resistant tape roughly 2 mm thick. The samples were left for 168 h to ensure that water diffused before measurements were taken. The samples were stored in sealed states but turned periodically (roughly every one to two weeks) to reduce gravitational effects.
One benefit of this procedure is that samples can be set to any range or subset water contents. In this study, five to six equally-spaced water contents ranging from oven-dry and saturated states were selected, depending on the stone type. If a sub-range of water contents was of particular interest, the procedure could be applied to these values instead of equally spaced water contents.
Theory/calculation
This section introduces the theory that underpins the interactions between electromagnetic energy and porous media. Calculations of modelled dielectric constants and reflection coefficients in porous media systems are presented, which represent expected behaviour of the radar and microwave techniques, respectively, over a range of water contents.
Radar and microwaves are forms of electromagnetic energy governed by the same underlying principles. Models of how they should interact with porous media systems produce a reference of how the techniques should theoretically respond to different water contents in building stones. These can be compared to the device measurements to assess the effectiveness of the techniques and calibration procedures.
Electromagnetic waves travel through media depending on three properties: the electrical conductivity σ, the dielectric permittivity ϵ, and the magnetic permeability μ. In building stones, μ is equal to the permeability in free space since they are non-magnetic. In the microwave frequency range, electromagnetic waves are influenced by both σ and ϵ and it is not possible to separate their effects. They are complex properties, the real and imaginary components denoted with prime ′ and double prime ″ , respectively. A combined effective permittivity ϵ e is derived from their summation (adapted from Laurens et al. (2005) ):
where the conductivity is divided by the imaginary number j and the angular frequency ω. Generally, permittivities are expressed relative to the permittivity of air ϵ 0 as ϵ r , i.e.
The real component ϵ r ′ is the dielectric constant. The dielectric constant is related to the storage of energy in porous building materials (Sahin and Ay, 2004) , while the imaginary component represents absorption losses and affects the signal attenuation.
The dielectric constant is a bulk property. Many models have been developed for representing multi-phase systems (Martinez et al., 2001; Knoll, 1996) . Recently, microwave reflections from porous building stones have been modelled (Kurik et al., 2017) with the twophase mixed materials Maxwell Garnett formula (Maxwell Garnett, 1904; Sihvola, 2000) . However, the system is comprised of three phases: the solid mineral content, the liquid water content, and the vapour water/air mixture. To reflect this, a Lichtenecker-Rother mixing model (Lichtenecker and Rother, 1931) has been used:
where α is a 'geometrical' or constant shape factor; when α = 0.5, the mixing model describes refractive mixing (Dobson et al., 1985) . Among a number of mixing models, this model (with α = 0.5) was shown by Knoll (1996) to most closely match experimental data of Lundien (1966) and Newton (1977) . When this model was applied for wet soil by Birchak et al. (Birchak et al., 1974) it included parameters for bound water: as this is negligible for the stones studied it has been omitted. We have defined a combined effective permittivity for the mineral-air combination ϵ m ′ . Since we are only representing wave velocity, only the real component ϵ b ′ of the bulk relative effective permittivity (the bulk dielectric constant) has been presented as:
in which f is the effective porosity, ϵ w, r ′ is the dielectric constant of fresh water (ϵ w, r ′ ≈ 80) and ϵ m, r ′ is the dielectric constant of the combined solid-vapour phase material. At an oven-dry state f ≈ 0, so Eq. (5) simplifies to ϵ b, r ′ = ϵ m, r ′ , which can be determined from an appropriatelytreated laboratory sample via Eq. (1). Using the calculated value of ϵ b, r ′ the dielectric constant can be modelled for a given sample as a function of water content.
The bulk (or adjusted) dielectric constant of a multi-layered system can be represented using a parallel plate capacitor model (Zhao, 2015) . The calculated dielectric constant from isolated diffusion was adjusted to account for the 2 mm thick layer of polyethylene between the sensor head and the sample surface:
in which t represents the thickness of each layer and subscripts p and b represent the plastic and bulk layers, respectively. How an electromagnetic wave will interact with an interface between regions of different dielectric properties is governed by the Fresnel equations -a broad set of principles describing the behaviour of light with different refractive indices n. By relating angles through Snell's law and assuming that the wave is entering the interface perpendicularly (i.e. θ incident = θ reflected = θ refracted = 0), s− and p −polarisations are equal, and the fraction of energy reflected can be represented by:
By recognising that n = cv −1 (and therefore n ¼ ffiffi ffi ϵ p ), this can be rewritten in terms of the relative permittivity, and used to model the reflection coefficient R. The transmission coefficient can similarly be determined from R, since R + T = 1. The scenario of an electromagnetic wave entering a building stone with ϵ b, r from ambient air ϵ 0, r results in:
in which ε b, r is the complex value, determined from the mixing model in Eq. (4). As geomaterials are generally lossy dielectrics with a loss tangent tan δ N 0.1 = ϵ r ″/ϵ r ′ . When tan δ N 0.1 the contribution of the complex component of the effective permittivity to the reflection coefficient is much smaller than the contribution of changing water contents over realistic range of the latter in natural building stones. Although the complex component does influence R, especially at lower water contents (Fig. 3) , it does not affect the shape of the curve. The reflection coefficient were used as a modelled reference as normalised values, emphasising the importance of the 'shape' of the relationship between water content. Due to uncertainties in the complex coefficient of the building stones studied herein, a value of tanδ = 0.1 was used for the reference models. It is important to note that this does not mean that a constant value was used for the component of relative permittivity (ϵ r ″), since ϵ r ″= ϵ r ′ tanδ. This can be used to model the reflection and transmission coefficients of an electromagnetic wave over a range of water contents. The coefficients for layered media can be represented by a matrix product of the layers or determined sequentially (Mazilu et al., 2001; Hehl and Wesch, 1980) or represented by a power series (Nečas and Ohlídal, 2014) . A simulation was produced in R (version 3.3.3) for this purpose, based on the underlying mathematics in a defunct online tool (Gallant, 2018) .
Results
Dielectric constants for dry samples (as determined with air-and metal-back measurements) are presented based on radar measurements (Section 4.1). These are used as the basis to model expected dielectric constants and reflection coefficients over a range of moisture contents for each stone type. These models are used as the comparative reference for evaluating calibrations of radar (Section 4.2) and microwave (Section 4.3) measurements, respectively.
Dry material dielectric constants
The dry dielectric constants ϵ b ′ have been calculated with radar for three stone types (Table 2) , by assuming f = 0 in Eq. (5) as described in Section 3. These represent the dielectric constant of the combined solid-air mixture of given minerals and porosity. Locharbriggs sandstone has the lower dielectric constant of the three stone types studied partially due to its greater porosity and lower bulk density; the two limestones, Portland and Clipsham, have similar porosities and as a result, similar dielectric constants. It is important to note that the values presented in Table 2 were calculated based on different samples of each stone type (see Table 1 ), and errors might be introduced by natural variation in physical properties (e.g. heterogeneity).
The calculated values of the dielectric constant are consistently lower for the metal-back measurements than those recorded with an air-back interface. Based on Eq. (1), this implies a higher signal travel time. Additionally, the variation in dielectric constants between samples and back interfaces are small (Δ b 0.14) compared to the differences induced by changes in water content. It is possible that the position of peaks within the A-scans has been influenced by the ringing reflections caused by the presence of metal. The air-back values for the dielectric constant were therefore considered to be more reliable and were used to build modelled values of dielectric constant and reflection coefficients over a range of water contents.
Radar calibrations
Values of the dielectric constant and the direct wave amplitude of the high resolution radar are more closely related to modelled values for the isolated diffusion method than the ambient drying method. (Scherer, 1990; Cooling, 1930) , in which the water content in the centre of the calibration sample has been reduced but the faces with evaporation remain psuedo-saturated with relatively constant flux. Since the radar measurements were taken at the centre of each face, the signal travel time is less than the gravimetric value would imply. At lower nonzero water contents, the calibration samples are in Stage II drying, in which there is a steeper moisture gradient (i.e. retention) at depth. The travel times at the centre of each face pass through the moisture remaining at depth in the calibration sample, which does not reflect the overall lower gravimetric value influenced by lower water contents near edges. As the models were based on dry dielectric constants determined from the samples, the modelled dielectric constant will always intersect with the measured value at f = 0.
The calculated dielectric constants for Locharbriggs are more closely related to models with α = 0.4 in Eq. (5). It has been acknowledged that α N 0.5 tends to result in an underestimation at higher water contents (Dobson et al., 1985; Knoll, 1996) , a trend which is also observed for the calibration developed from ambient drying.
A similar comparison to dielectric constants can be drawn between measured direct wave amplitudes and transmission coefficients for the two calibration methods (Fig. 5) . The calibrations developed from isolated diffusion are consistent and more closely related to modelled transmission coefficients. As with the measured dielectric constants, the heterogeneous distribution of moisture within the samples causes an under-measurement at higher water contents and an overmeasurement at lower water contents (compared to gravimetry). The underestimation at higher unsaturated water contents is less prevalent for the Portland calibration sample than that observed for the Clipsham and Locharbriggs samples. The deviations from the modelled transmission coefficients are more drastic for the direct wave amplitudes than the dielectric constants, except for the higher unsaturated water contents of the Portland calibration sample. Slopes of the linear regression results m are not presented in Fig. 5 as these are less meaningful for the scaled transmission coefficients. This deviation from modelled behaviour is likely caused by the non-linear interactions between distributions of moisture and reflection/transmission of electromagnetic energy that can cause unintuitive 'inversion' of the coefficients. These principle can be demonstrated by simple cases of two-layer systems of porous media at different water contents. Fig. 6 shows the modelled reflection and transmission coefficients for a system with a total thickness of 150 mm and varying thickness of the upper layer. The solid line shows that, for a lower layer with a water content f = 0, the reflection coefficient can be reduced below the coefficient of a homogenous dry sample if there is a thin upper layer of water. Similarly, a lower layer with f = 0.2 covered by a thin dry upper layer can have a reflection coefficient amplified higher than a homogenous system with a higher water content. An amplifying inversion in the reflection coefficient is equivalent to a reducing inversion in the transmission coefficient, and vice versa. This inversion effect is likely exacerbating the aforementioned under-and over-estimations caused by an uneven distribution of water within the calibration samples. This is represented by more significant deviations observed in the direct wave amplitude compared with the modelled transmission coefficients.
Comparison of radar features for air-back and metal-back measurements
The radar features calculated over the range of water contents were very similar for a back interface of both metal and air. This was assessed with linear regression models between the dielectric constants and first wave amplitudes determined for the two calibration methods and type of back interface (Table 3 ). The models had regression coefficients R 2 N 0.99, except the dielectric constant determined by isolated diffusion for Locharbriggs (R 2 = 0.906) and the direct wave amplitude for Portland under isolated diffusion conditions (R 2 = 0.855). The regression model slopes were 1 ± 0.05, representing a variability between measured parameters of less than 5%.
Microwave calibrations
The microwave sensor indices determined from isolated diffusion are generally more similar to the modelled reflection coefficients than those determined from the ambient calibration procedure for Portland and Clipsham samples. For the Locharbriggs, the correlation coefficients between the measured and modelled values are higher for the ambient drying procedure. Table 4 presents the linear regression parameters between the measured indices and the modelled reflection coefficients; slopes of the linear regression results m are not presented as these are less meaningful for the scaled reflection coefficients.
The combined effect of uneven distributions of water and inversion on sensor indices measured during ambient drying can be seen in Fig. 7 . As the indices are proportional to the reflection coefficients, the over-and under-estimations are transposed from those seen in the direct wave amplitudes and transmission coefficients. The higher unsaturated water contents for some stone types and sensors are greater than a 1:1 proportional with the modelled coefficients; at lower non-zero water contents, the indices are below proportionality to reflection coefficients. In some cases, proportionality to the modelled reflection coefficients dips below the homogenous dry calibration indices, e.g. Locharbriggs for the R and D sensor, and the two limestone types for the P sensor. There is also a corresponding strong amplifying inversion for the D sensor at non-zero lower water contents. As the depth penetration of the D sensor is between that of the R and P sensors, these corresponding inversions could be caused by higher moisture levels at mid-depths within the sample; unlike the examples presented in Fig. 6 , these would be represented by a scenario in which there were three layers of alternating lower, higher, and lower water contents respectively.
Discussion
Calibration procedures
In contrast with existing literature Rousset and Bläuer, 2009; Møller and Olsen, 2011) , both ambient drying and isolated diffusion calibration procedures yielded high quality calibration curves that related well to gravimetry over the full range of water contents. The isolated diffusion procedure yielded more consistent calibration curves more closely related to modelled electromagnetic parameters. Curves developed from the ambient drying procedure are impacted by a number of factors. Most importantly, the distribution of moisture during the drying process meant that radar and microwave measurements taken at the centre of each face were not indicative of the gravimetry. This was exacerbated by the non-linear interactions of the electromagnetic waves with the distributions of moisture that can cause inversions of the signal reflection and transmission. It is likely that these effects are especially strong for the sample size and dimensions used, which was determined by the field of detection of the microwave measurement principle. The samples used herein have a volume-to-surface area ratio = 25. If samples have a smaller ratio, e.g. dimensions of 100 mm × 100 mm × 75 mm has a ratio =15 (Eklund et al., 2013) , the effects of moisture distribution and inversion are likely less pronounced for geophysical measurement techniques such as capacitance.
Ambient drying measurements taken at equal time intervals (24 h, in the procedure used herein) results in fewer measurements at higher water contents and a concentration of measurements at lower water contents. Increasing the measurement frequency for the beginning of the drying process is limited by the time required to collect the measurements: the time interval between measurements must be sufficiently longer than the time required to collect data with a set of measurement techniques so that the differences between gravimetric comparisons are valid for the measurement period.
The isolated diffusion procedure shows significant promise for producing calibrations relevant to cultural heritage and other nondestructive investigations of geomaterials. If measurements in the field are taken over a plastic grid as a spatial reference, the data would be more similar to calibration curves developed from the isolated diffusion procedure, which also introduces a plastic barrier between sensor and sample. The dielectric constant of many synthetic polymers is similar to that of polyethylene (Ahmad, 2012) . If the calibrations and measurements were done with plastic grids of a different thickness, the parallel plate model (Eq. (6)) could be adapted to transform the measured readings into parameters equivalent with those of the calibration. An important outcome of the calibrations developed for both radar features is that material heterogeneity between samples in the isolated diffusion method is negligible compared to the influence of changes in water content, which makes the isolated diffusion calibration technique viable. An important outcome of this result for heritage applications is that only one specimen is needed, which could support developing calibrations for scenarios in which sampling of materials is difficult. As the samples are in a state of near-equilibrium, the results of the isolated diffusion procedure are not impacted by time-dependent factors such as moisture loss-as is the case for ambient drying. It also facilitates intercomparison of measurement techniques and the potential effect of environmental factors such as temperature and relative humidity. However, other calibration procedures, such as ambient drying, are still relevant and necessary for techniques that require direct contact with the sample surface, such as electrical resistance. Although it would be possible to remove the covering and re-seal the sample after the measurement, this would require more time and effort, and could affect the accuracy of future calibrations if moisture is evaporated during the process.
Radar parameters calculated from air-back and metal-back measurements are comparable. This is important for field measurements where a metal-back may be necessary to produce a sufficiently strong back-wall reflection that can be detected, especially important in constructions with walls or structural elements with thickness greater than the calibration samples used (150 mm).
Comparison of radar and microwave measurements
The radar output-measured dielectric constants and direct wave amplitude-was more consistently related to the gravimetric calibrations than the output from the microwave device. It is likely that the radar is more consistently calibrated and related to models due to more focused spatial measurement scale involved in its measurement principle. The spatial capture of a single radar measurement within an A-scan is based on the separation of the signal producing and receiving component which is quite small in a 1.6 GHz antenna. In contrast, the microwave sensors are field-based, with a non-discrete sensing volume-albeit decreasing with distance from the applicator. It is plausible that the microwave sensing technique is therefore more sensitive to external influences in the periphery of the measurement area.
Despite this, the microwave measurement system can be a useful tool in building surveying. It can be used to provide representations of moisture variation within a building fabric that are immediately interpretable on site. Measurements can be taken quickly over a flexible and large spatial scale as a range-finder method. Following this assessment, radar measurements could be taken for locations of specific interest. This is time-efficient, since the radar measurements typically involve the installation of a measurement grid or other system of alignment. The radar measurements requires further processing to produce numerical representations of the measured parameters, which means that results are not ready for interpretation while on site.
Importantly, the raw outputs from the two devices are not directly comparable. This demonstrates one utility of the calibration procedures: to use absolute water contents (as measured by gravimetry) as a common reference point to compare between the techniques. When comparing between radar and microwave measurements, it is important to remember proportionality. For example, the dielectric constants (derived from measured travel times) will be proportional to the microwave measurements. In contrast, any comparison or synthesis with the direct wave amplitude should involve an inverse transformation of one of the parameters, since they are inversely proportional.
The calibrations developed demonstrate that the calculated and measured electromagnetic properties are not directly comparable between stone types. This is especially apparent as a contrast between the two limestones and the Locharbriggs sandstone. The permittivities of these materials are greatly dependent on their mineral composition and porosity, which also manifest as significant contrasts in the dielectric constant, direct wave amplitudes, and reflection/transmission coefficients. Natural building stones of similar mineralogies and porosities would therefore exhibit similar electromagnetic behaviour, i.e. parameters from non-destructive geophysical techniques would be similar. It is possible to predict what the dielectric constant-as the basis for most electromagnetic properties-will be, based on a given mineral composition and porosity (Martinez et al., 2001) . This would enable an estimation of the ranges of non-destructive measurement techniques, based on prior knowledge of the range of other geomaterials.
Conclusion
Two calibration procedures based on ambient drying and isolated diffusion have produced calibration curves for radar and microwave techniques that relate well to gravimetry for three typical building stones in the UK. Both procedures produced comparable calibrations with air-back and metal-back interfaces. The isolated diffusion relates more closely to the modelled interactions of electromagnetic waves with porous media systems. The isolated diffusion procedure reduces the impact of uneven distribution of moisture within the samples and the potential for inversions of reflection and transmission. Thus, it is a viable low cost alternative that provides robust gravimetric calibration. This procedure also more closely reflects the qualities of in situ measurements if they are taken over a plastic grid for alignment, consistency, and surface protection.
Ambient drying remains a valid calibration technique that is less time and resource intensive than isolated diffusion. However, the calibration results for this procedure demonstrate the challenges of interpreting microwave moisture results when the distribution of moisture is uneven in a sample or in situ measurement. This procedure is especially relevant for measurement techniques that require direct surface contact or have smaller fields of detection. In the latter case, calibration curves can be developed on samples with smaller volume-tosurface area ratios which will be less impacted by uneven distributions of water within the samples.
These results demonstrate the utility of gravimetric calibrations for enabling comparability between measurement techniques and geomaterials. From these calibrations, mathematical relationships between sensor output and gravimetry can be developed. They enable a deeper understanding of the characteristic curves for different measurement devices and types of geomaterials, which supports accurate interpretation of survey information when it is not possible to develop materialspecific calibrations.
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